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OPTOELECTRONIC  WORKSHOP 


PHASE  CONJUGATION/STRONGLY  DRIVEN  ATOMIC  SYSTEMS 


Organizer:  ARO-URI-University  of  Rochester 
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1.  INTRODUCTION 


This  workshop  represents  the  first  ol  *  series  ot  intensive  academe 
government  interactions  m  the  held  of  advanced  electro  ©puts,  as  pan  of  the 
Army  sponsored  University  Research  initiative  9y  documenting  the 
associated  technology  status  and  dialogue  it  n  hoped  that  th>s  baseline  win 
serve  all  interested  parties  towards  providing  a  solution  to  high  priority  Army 
requirements  Responsible  for  program  and  program  execution  a>e 
Dr.  Nicholas  George,  University  of  Rochester  (ARO  URu  and  Dr  Rudy  iuse». 
NVEOC 
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2.  SUMMARY  AND  FOLLOW-UP  ACTIONS 


Dr.  Buser  opened  up  the  meeting  with  initial  remarks  on  the  true  driving 
force  of  NVEOC  tech  base  mission.  It  consists  in  introducing  new  technology 
in  the  military  arena  to  address  areas  of  deficiencies  in  Army  programs.  This 
introduction  included  the  use  of  phase  conjugation  for  solving  problems  in 
laser  development  for  military  application.  Dr.  Buser  also  stressed  the  point 
(has  he  did  many  times  during  the  meeting)  that  the  technology  being 
developed  must  consider  the  requirements  necessary  for  fieldable  laser 
systems. 

The  first  presentation  was  on  the  use  of  stimulated  Brillouin  scattering  for 
solid  state  lasers  presented  by  Richard  Utano  of  NVEOC.  It  highlighted  the 
past  work  done  at  Night  Vision  in  this  field,  namely  phase  conjugation  and  its 
importance  to  solid  state  laser  development;  and  some  technical  issues  that 
still  need  to  be  resolved.  Issues  such  as  competing  nonlinear  processes  and 
energy  scaling  were  of  utmost  importance  to  the  Army. 

The  next  presenter  was  Dr.  Ed  Sharp  and  he  described  the  effort  NVEOC  is 
planning  in  photorefractive  materials.  This  work  on  characterizing  materials 
and  determination  of  necessary  laser  parameters  for  filters  and  other 
applications,  generated  much  interest  with  the  Rochester  personnel, 
especially  Dr.  Sharp's  work  with  the  tungsten  bronze  crystals. 

To  complete  discussion  of  NVEOC  interest  in  phase  conjugation.  Dr.  Lynn 
Garn  presented  phase  conjugation  potential  for  neural  networks  for 
automatic  target  recognition.  Though  the  properties  of  optical  phase 
conjugation  are  not  exercised,  there  are  similar  techniques  being  employed 
for  this  optical  computing  process.  This  discussion  was  centered  on  NVEOC's 
view  of  the  status  of  the  technology,  and  its  potential  versus  conventional 
electronic  techniques. 

Dr  Boyd  then  gave  an  overview  of  the  Institute  of  Optics  work  in  phase 
conjugation.  He  discussed  work  on  single  pass  aberration  correction, 
coherence  issues  of  phase  conjugated  light,  Brillouin  enhanced  four-wave¬ 
mixing  and  vector  phase  conjugation.  The  vector  phase  conjugation  via 
stimulated  Rayleigh  wing  scattering  or  other  possible  methods,  generated 
interest  by  NVEOC  personnel.  Sucn  a  process  could  counter  birefringence 
problems  associated  with  high  average  power  lasers. 

Ken  MacDonald,  Post  Doc,  then  presented  work  on  laser  beam  combining  in 
atomic  vapors.  Both  probe  beam  amplification  and  beam  combining 
experiments  were  discussed.  To  date,  25%  energy  transfer  was  obtained  in 
Na  vapor  which  is  promising  but  the  criteria  for  such  effects  are  very 
frequency  dependent. 

These  presentations  were  then  followed  by  discussion  on  the  many 
techniques  each  facility  was  experimentii  <j  on.  Areas  of  overlap  were 
discussed  and  ideas  for  potential  collaboration  were  identified.  The  outcome 
implies  that  there  are  several  areas  where  mutual  interest  exists:  In  the 
photorefractive  field  of  phase  conjugation,  which  is  still  undergoing  vast 
amounts  of  basic  research,  the  overlap  and  interest  of  the  University  is 
evident.  In  the  field  of  stimulated  scattering,  the  issues  of  concern  are  not 
necessarily  fundamental,  and  overlap  less  directly  with  the  University's  goals. 


On  the  basis  of  this  workshop,  the  following  ideas  for  continued  interaction 
have  been  developed  - 

a.  Photorefractive  Nonlinear  Optics 

It  would  be  interesting  to  perform  additional  measurements  to  establish  that 
self-pumped  phase  conjugation  in  the  tungsten  bronzes  is  inherently  more 
stable  than  in  barium  titanate,  with  roughly  equivalent  optical  properties 
leading  to  PCM's  with  very  different  stability  characteristics. 

Also,  it  would  be  important  to  perform  measurements  to  establish  to  what 
extent  incoherent  light  (spatially  and/or  temporarily)  can  be  used  to  excite 
nonlinear  optical  processes  in  these  materials. 

NVEOC  could  help  to  get  started  in  these  areas  by  helping  to  obtain 
photorefractive  tungsten  bronze  crystals. 

b.  Laser  Beam  Combining 

The  University  will  try  to  establish  the  appropriate  scaling  laws  for  laser  beam 
combining  in  atomic  vapors,  and  from  these  scaling  laws  attempt  to  establish 
(through  discussion  with  NVEOC  personnel)  applications  in  the  field  of  laser 
development. 

c.  Vector  Phase  Conjugation 

Vector  phase  conjugation  appears  to  be  a  promising  technique  for  removing 
the  effects  of  thermally  induced  radial  birefringence  from  laser  rods 
Through  discussions  with  NVEOC  personnel  and  through  laboratory 
measurements,  the  University  will  determine  whether  vector  phase 
conjugation  has  implications  to  the  NVEOC  laser  program. 
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PC  signal 

with  aberrated  pump  waves 
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Phase  Conjugation  by  Stimulated 
Rayleigh-Wing  Scattering 

•  Provides  complete  vector  phase  conjugation 

•  Fast  response  time  allows  conjugation  of  picosecond 
pulses 

Rayleigh-wing  scattering: 

Scattering  from  non-uniformly  oriented  anisotropic 
molecules. 


^laser 


^stokes 


Questions: 

How  does  the  SRWS  treat  circularly  polarized  light? 
Elliptically  polarized  light?  Randomly  depolarized 
light? 

Competing  effects:  stimulated  Brillouin  scattering, 
stimulated  Raman  scattering,  self  focusing,  self- 
phase  modulation. 
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Vector  Phase  Conjugation  by  DFWM 


nonlinear  medium 


rc  =  r  e*A*e’iks2 
/ 

polarization  conjugation  wavefront  conjugation 


Two-photon  resonant  enhancement: 


(Grynbergt1984) 


Observed  vector  phase  conjugation  for  weak 
pump  intensities  (Irl^lO*4) 

Observed  degradation  of  the  fidelity  of  phase 
conjugation  for  strong  pump  intensities  (lrl2~10'2) 


Next: 


Study  effects  of  geometries 

Need  to  understand  saturation  effects  in 

two-photon  resonant  systems 


Single-pass  Aberration  Correction 


from  point 
source 


aberrated  image 
of  object 


from  extended  aberrated  image 

object  of  pt.  source 


unaberrvted  image 
of  object 


a.*  £2  plane-wave 

Aw  _  j^pump 


PNL~(Eie'^E2(E3e,$)*  =  E1E2E3* 


4>  =  phase  distortion  introduced  by  aberrator 


•Thin  phase  distorter 
•Coherent  imaging 


(Goodman,  1966) 


;ginal  object 


aberrated  image 
of  object 


unaberrated  image 
recovered  by 
phase  conjugation 


phase  conjugate  reflectivity 


Instabilities  and  Chaos  in 
Phase  Conjugation 


Observed  chaotic  behavior  in  a 
barium  titanate, 
internally  self-pumped  PCM. 


time,  t/xj 


time  (sec) 


■  Instability  due  to  coupling  between  all 
four  nonlinear  refractive-index  gratings. 

•  System  evolves  temporally  on  a  strange 
attractor  characterized  by  a 

correlation  dimension  v  =  1.3 

and  an 

order-2  Renyi  entropy  K2  =  7.2  bits/sec. 
Phys.  Rev.  Lett.,  58, 1640  (1987) 
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Temporal  Instabilities  of 
Counterpropagating  Light  Fields 


A/*- 


Nonlinear 

Kerr 

Medium 


A/lflfiA* 


simple  interaction  can  exhibit  complex  behavior 
output  polarization  and  intensity  can  fluctuate 
periodically  or  chaotically  in  time 


low  intensity 


medium  intensity 


high  intensity 


instabiltity  threshold  is  lower  when  tensor  nature  of 
the  interaction  is  treated (Ga eta  et  al.,  Phys.  Rev.  Lett.  (1987)) 

limitation  on  performance  of  phase  conjugation  via 
FWM 


p  (weak) 


Nonlinear 

Kerr 

Medium 


(strong) 
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LASER  BEAM  COMBINING 
THROUGH  THE 
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NONLINEAR  RESPONSE 

OF  A 

STRONGLY  DRIVEN  ATOMIC  TRANSITION 
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M.  T.  Gruneisen,  K.  R  MacDonald,  and  R  W.  Boyd 
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A.  L.  Gaeta,  M.  T.  Gruneisen,  K.  R  MacDonald,  and  R  W.  Boyd 


The  Institute  of  Optics 
University  of  Rochester 
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INDUCED  GAIN  AND  MODIFIED  ABSORPTION 


OF  A  WEAK  PROBE  BEAM 
IN  A  STRONGLY  DRIVEN  SODIUM  VAPOR 


sodium 

vapor 


•  system  of  two-level  atoms 

•  probe-wave  amplification 

•  38-fold  increase  in  probe  intensity  measured 

•  atomic  motion,  collisional  dephasing 


M.  T.  Grurwisen,  K.  R.  MacDonald,  and  a  W.  Boyd,  to  ba  published  in 
J.  Opt.  Soc.  Am.  B,  January,  1988. 


SOLUTION  TO  DENSITY  MATRIX  EQUATIONS 


•TWo4evel  atom 

•  Pump  field  treated  correctly  to  all  orders 

•  Probe  field  treated  to  only  first  order 


Probe-Wave  Absorption  Coefficient: 

(«  +  i/T ,)(8  -  A  +  i/Tj)(A  -  i/Tj)  -  0*8/2 
(A  -  i/T,)D(S) 


D(S)  =  (8  +  i/T,)(8  +  A  4  i/T,)(8  -  A  4  i/Tj)  -  Ol(8  4  i/T2) 
Steidv-State  Population  Inversion: 


a(5)  *  a0(  pbb  -  Im 


,  A  (1  4  A*T2  )(Pfct  *  P.i)0 

'P  bb  ”  P*»'  2 2  2 

1  +  £T2  +  nT,T2 

probe-pump  detuning  5  » to  -  to. 
dipole  dephasing  time  T£ 
population  relaxation  time  T1 
pump-resonance  detuning  A  ■  to1  - 
on-resonance  Rabi  frequency  O  -  |nba|E1  ff\ 


B.  a  Mollow,  Phys.  Rev.  A  5, 2217  (1972) 

a  W.  Boyd,  M.  G.  Raymer,  P.  Narum,  end  D.  J.  Harter,  Phys.  Rev.  A  24,  (1981 ) 


absorption  coefficient 


INDUCED  GAIN  AND  MODIFIED  ABSORPTION 
OF  A  WEAK  PROBE  WAVE 


Three-Photon 

Nearly  Degenerate 

AC  Stark-Shifted 

Effect 

Coupling 

Resonance 

-m  o  fioi 

probe-pump  detuning  8 

ft  *  i.l  CHi  t%/^  a  >ae 

A  S  ~A1  QMi  s  300 

F.  Y.  Wu.  S.  Ezekiel.  M.  Dudoy,  B.  R.  Moflow,  Phys.  Rev.  Lett.  38. 1077  (1977) 
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EFFECTS  OF  ATOMIC  MOTION 
ON  SINGLE- ATOM  RESPONSE 


5°b* 


•  In  general,  both  A  *  CD,  -  CO^  and  8  •  C03  -  G),  are  velocity  dependent. 


Doppler  shift  in  A  introduces  velocity  dependence  in  ft'. 


•  For  copropagating  waves,  there  is  no  Doppler  shift  in  8  »  03,  -  03, 


General  Expression  for  Amplitude  Absorption  Coefficient: 


-  h^rl  WU*' °(v  hr*  v  VT)  ’ 


probe  transmission 


PROBE  TRANSMISSION  SPECTRUM 
WITH  DOPPLER  BROADENING 


•  Three-photon  resonance  is  broadened  to  Doppler  width. 
•Three-photon  resonance  peak  is  "pulled”  towards  pump  frequency. 

•  For  nearly  copropagating  waves,  the  nearly  degenerate  lineshape 
remains  narrow  and  increases  in  amplitude. 


SODIUM  VAPOR  CELL 


sapphire 

windows 


probe  transmission  probe  transmission 


• 


TRANSMISSION  SPECTRA  WITH  DOPPLER  BROADENING 


probe  transmission 


EFFECTS  OF  PUMP-LASER  DETUNING 


probe  detuning  from  resonance  (GHz) 


•  Raman  Mattering  from  ground  state  hyperfine  levels  observed. 

•  Amplitude  and  location  of  three-photon  peak  vary  with  A. 

•  sign  of  and  O'  depend  on  sign  of  A. 


probe  transmission 


£ 


•Amplitude  of  nearly  degenerate  resonance  can  be  enhanced 
by  collisiona!  dephasing. 


gain  coefficient 


20 


40 


buffer  gas  pressure  (Torr) 


•  Peak  Three-photon  gain  occurs  for  zero  buffer  gas  pressure. 


»  Nearly  degenerate  gain  can  be  optimized  by  adding  buffer 
gas. 


•  Single  two-level  atom  theory  can  be  used  to  describe  functional 
dependence. 


half  width  (MHz) 


LASER  BEAM  COMBINING 
IN  SODIUM  VAPOR 


•  Two-level  atom 

•  propagation  effects,  atomic  motion 

•  Limited  coupling  efficiency  via  three-photon  effect 

•  High  efficiency  coupling  at  nearly  degenerate  feature 


*,W’ 


l+Mi;i  +  Wt/J-i2yri  + 


i  +  m,;, + Ntit-n  y  r,  -  . 


A.  L  Gaeta,  unpublished 

L  W.  Hillman,  J.  Krasinski,  K.  Koch,  and  C.  a  Stroud,  J.  Opt  Soc.  Am.  B  2. 21 1  (1985) 
G.  6.  Agarwal  and  N.  Nayak,  J.  Opt  Soc.  Am.  B 1, 184  (1984) 


TRANSMISSION  SPECTRUM 
WITH  PROPAGATION  EFFECTS 
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•  Define  coupling  efficiency:  0  S  £  1 

•  Nearly  degenerate  feature  provides  most  efficient  coupling. 

•  Three-photon  coupling  is  limited  by: 

1.  propagation  -  Q'  changes  due  to  depletion. 

2.  excitation  -  scattering  process  requires  two  pump  photons. 


EFFECTS  OF  DOPPLER  BROADENING 


•  Neglect  propagation  effects 


At  low  a0L,  choose  Tj/T,  <  2. 
At  high  ouL,  choose  Tyt ,  *  7 


a„L 


•  For  low  OqL,  tune  near  resonance. 

•  For  large  a^L,  tune  away  from  resonance  to  avoid  absorption  losses. 

•  Choose  A  *  ft/2  to  optimize  coupling. 
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SUMMARY 


Parti:  probe  beam  amplification 

I.  Observed  probe  wave  amplification  in  a  strongly  driven  atomic  vapor 

A.  Three-photon  effect 

1.  measured  large  amplification:  6  «  38 

2.  gain  diminishes  rapidly  with  collisional  dephasing 

B.  Nearly  Degenerate  Coupling 

1.  measured  amplification  of  G  ■  4  at  PM  ■  10  Torr 

2.  feature  as  ’robust'  in  presence  of  collisional  dephasing 

II.  Theoretical  modeling 

A.  Stationary  two  level  atom  theory  accurately  models  gain 
dependence  an  buffer  gas  pressure 

B.  Numerical  average  over  a  Maxwell  velocity  distribution 
accounts  for  effects  of  atomic  motion 


Part  II:  beam  combining 


I.  Treated  analytically  by  continued  fractions 

A.  Three-photon  effect 

1 .  diminishes  with  Doppler  broadening 

2.  propagation  effects  reduce  coupling  efficiency 

3.  coupling  efficiency  is  inherently  limited 

B.  Nearly  degenerate  resonance 

1.  insensitive  to  Doppler  broadening  (copropagating  waves) 

2.  large  coupling  efficiencies  are  possible 


II.  Experimental  results 

A.  209f  energy  transfer  measured  to  date 

1.  intensity  limited 

2.  experiment  in  progress 
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LASER  RESEARCH  TEAM:  R  &  D  of  nonlinear  optical  materials, 

techniques,  and  concepts 
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PHASE  CONJUGATION  IMPLEMENTATION  VIA 
STIMULATED  BRILLOUIN  SCATTERING 


PHASE  CONJUGATION  IMPACT  UPON 
RELIABILITY  AND  PRODUCIBILITY 


31VHTN00 


MVEOC  PHASE  CONJUGATION  PATENTS 


PROPOSED 

O-SWITCH  LASER  APPARATUS 


PHASE  CONJUGATED  SLAB  LASER  DESIGNATOR 


PHASE  CONJUGATION  WORKSHOP 


LIST  OF  ATTENDEES 

Electro-Optic  Workshop 
22  Mtrch  1988 
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